A method is presented for an evaluation of the hemodynamic significance of a stenotic lesion in the arterial tree.
In a previous report blood flow rate was measured by an angiocinedensitometric method in the external iliac artery in a group of patients with arteriosclerosis obliterans. The mean flow was lower in these patients than in normals. However, the hemodynamic significance of arterial stenoses could not be predicted on the basis of flow data alone since no correlation was found between flow and the diameter of the vessel at its narrowest point [1] .
Calculation of the pressure gradient utilizing the Poiseuille flow formula may provide a better evaluation of the constriction to blood flow of a given stenotic lesion, and may differentiate between the effect of the stenosis and the effect of the peripheral resistance on flow to the extremity. Oscillometry and pulse volume recorder measurements which address themselves to this problem do not accurately separate the effect of the stenotic segment from the effect of the peripheral impedance [2, 3] .
The purpose of this report is to introduce a method for calculating the pressure gradient across a stenosis utilizing flow data obtained by angiocinedensitometry.
THEORETICAL BACKGROUND Tissue blood flow of an extremity with stenotic arterial lesion depends upon factors proximal to the lesion (i.e., cardiac out-put, blood pressure) on physical parameters of the stenosis (its cross section diameter and its length) and on factors distal to the lesion (peripheral vascular resistance, arteriovenous connections, and other distal stenotic lesions).
When considering the hemodynamic effect of a stenotic lesion, the proximal factors do not depend upon the stenosis and can be disregarded. The effect of the lesion and the factors distal to it, in particular the peripheral impedance, have an interplay between them influencing the pressure and flow to the leg.
In order to evaluate the hemodynamics of a stenotic lesion it is necessary to assess the blood flow through the lesion as well as the pressure gradient across it.
The total pressure drop (A P) from the entrance into the stenosis to an arbitrary point within the venous system is a summation of the pressure gradient across the lesion (AP,) and the sum of all distal pressure gradient (AP2).
AP= API+.J'2 (1) According to the equations (6 where V2 represents the mean flow velocity through the periphery; L2 represents the theoretical length of the system; r2 represents the theoretical mean diameter of the periphery; if the periphery dilates, r2 will increase, and tissue flow (V2) will also increase. This increase in the volume of flow through the periphery results from an increase of flow both through the stenotic main artery and through collaterals. Since the stenotic segment does not dilate, then any increase in volume flow will increase flow velocity through the stenosis which causes further increase in the pressure drop across the lesion.
The hemodynamic parameters which were measured using angiocinedensitometry, such as, blood flow velocity, blood flow volume, inner diameter of the artery and the stenotic segments and viscosity were mean values. Therefore, we could assume that the viscosity was constant, the rate of flow was steady and that the diameter of the vessel did not change. These assumptions made the use of Poiseuille flow formula for the present calculation of the mean pressure gradient applicable [4] .
MATERIALS AND METHODS
Our angiocinedensitometric method of measuring blood flow has been previously described [1, 5] . It consists of cineangiographic recording of the artery in question during an injection of a bolus of contrast material, and a densitometric evaluation of the washout of the dye at two selected sites along the vessel using an optic electronic system. This densitometric analysis yields two indicator dilution curves. The average time interval between these two curves corresponds to the transit time of the bolus between the two points along the vessel. By measuring the diameter of the vessel on different frames and the distance between the two points, flow volume and velocity can be derived.
where r is the radius of the vessel, d is the distance between the two points and Tis the transit time, (dl I) is the flow velocity.
The examination was performed by percutaneous introduction of an angiographic catheter via one of the femoral arteries into the distal aorta [6] .
In twenty-four patients (17 males and 7 females) with moderate intermittent claudication due to arteriosclerosis obliterans, the angiographic investigations were performed as a part of the preoperative evaluation. Hemoglobin and hematocrit values were found in 23 cases.
Thirty-five subjects who were undergoing abdominal angiography for various nonacute conditions and who had no symptoms or signs of vascular disease of the lower extremities were studied as normal controls. Hemoglobin and hematocrit values were available in 33 cases.
The pressure gradient along one centimeter of the normal artery and along the stenosis (AP) was calculated from Poiseuille's flow formula. 
8L
(5
Where F is the mean volume flow in cm3/sec., r is the mean diameter in cm, L the length of the segment in cm, -t the viscosity in poise, and AP is the pressure difference in dynes/cm2. The mean volume flow was measured by cineangiodensitometry. The mean diameter of the artery or the stenotic segment, and length of the stenosis were measured from biplane enlarged cine frames using an electro-optical system [1, 5] . The viscosity was derived from the hematocrit value using the following formula suggested by Barras [7, 8] .
log 77 = (0.01073) H + 0.0933 -2.0 (7) where H is the hematocrit in % and 27 the viscosity expressed in centipoise.
RESULTS
The clinical laboratory and flow data of the 33 "normals" subjects are summarized in Table 1 . Clinical data and hemodynamic measurement in patients are given in Table 2 . This includes hemodynamic changes across the stenotic segment of the iliac artery and above the stenotic segment. The pressure gradient AP in normals along the iliac artery varied from 23 to 110 dynes/cm2 (0.017-0.083 mm Hg/cm2) with mean and S.d of 52 ± 24 dynes/cm2. In the arteriosclerotic patients, the pressure drop across the stenotic segment varied from 114 dynes to 35,588 dynes/cm2 (0.084-27.04 mm Hg/cm2) with mean and S.d of 1,309 + 1,224 dynes/cm2 and was significantly different from the normal group p(t) < 0.001. The resistance to blood flow along the artery in the "normals" was 6.08 < 4.15 dyne sec/cm5, and across the stenotic lesions in the arteriosclerotic patients it was 196 ± 192 dyne sec/cm5, again these two groups were significantly different p(t) < 0.001. DISCUSSION From the clinical standpoint, a means of determining the mean value of blood flow volume through the stenosis, the pressure gradient across the lesion and resistance of the lesion to blood flow could have critical importance in determining the appropriate therapy in patients with claudication.
It seems probable that flow is turbulent within or adjacent to the stenotic segment. The Poiseuille flow formula assumes linear flow. Thus, the pressure drop and the resistance across the stenosis are probably higher than the calculations suggest.
The data of the present study include values of the resistance and pressure gradients across the stenosis at rest only, in a group of patients with moderate clinical symptoms and with stenosis of about 50% of the diameter. The fact that AP across the stenosis in this group of patients varied so widely probably indicates different degrees of dependence of blood flow on the main channel or developed collaterals, and/or different degrees of distal vessel disease. Evaluation of the resistance across the stenosis can give an assessment of the lesion independent of flow.
The pressure gradient AP and the resistance in the present study along angiographically normal vessels are of the order of 52 ± 24 dynes/cm2 and 6.08 ± 4.15 dyne sec/cm5 respectively over 1 cm of the artery. We can assume that in those cases in the present series in which the pressure gradient and the resistance across the stenosis are high the lesion is hemodynamically significant. Critical values for resistance and pressure gradients across a stenotic arterial lesion which can define the clinical significance of a stenosis are not yet known. A repeat determination of blood flow through the stenotic lesion in these cases with forced vasodilatation may help from the clinical standpoint to define those criteria and to reach a hemodynamic conclusion.
As the viscosity is an important factor in these calculations, consideration should be given to direct measurement of this parameter in patients undergoing angiodensitometric study of flow velocity, rather than using the hematocrit formula.
Angiocinedensitometry performed as described with the routine addition of a second determination after forced vasodilatation should make a considerable contribution to the evaluation of the disturbance to blood flow by a stenotic lesion in the arterial tree.
